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CONTROL FOR DIESEL ENGINE 
WITH PARTICULATE FILTER 

Background of Invention 

K" [0001] 1 . Field of the Invention 

Pi 
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p [0002] The present invention relates to engine control strategies for engines and, more 
4( particularly, control methods for diesel engines having a diesel particulate filter (DPF). 
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[0003] 2. Background Art 
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Q [0004] Diesel particulate filters (DPFs) are typically used in diesel engines. These filters 
fy store particulates generated by engine combustion. When the filter is raised above a 

predetermined temperature, the retained particles, which are mostly in the form of 
carbon, are burned off. After a majority of the particles are burned off, the filter can 
again retain particles generated by the engine. 

[0005] There are various methods to raise and sustain particulate filter temperature to 
allow the above-described regeneration. For example, a burner can be used to burn 
fuel and thereby generate heat. Further, the burner can be controlled based on engine 
speed and load and temperature as described in U.S. Patent No. 5,044,1 58. It is also 
known that the rate of regeneration is a function of temperature. For example, as 
described in SAE Paper No. 8301 80, the rate of regeneration increases with increasing 
temperature, following an Arrhenius equation. 



[0006] 



The inventors herein have recognized that high regeneration temperatures can 
actually result in a lower integrated fuel economy penalty; and, therefore, it may be 
desirable to use temperature increasing measures to increase the temperature of the 
DPF to a level at which the particles (soot) burn rather rapidly. In particular, if enough 
oxygen is available and the exhaust flow does not absorb too much heat, the reaction 
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may become self-sustaining, i.e., it will continue even after the temperature 
increasing measures have been deactivated. In other words, it may become 
unnecessary to use energy, for example, in a burner, to maintain high DPF 
temperatures sufficient to maintain regeneration. 

[0007] However, the inventors herein have also recognized a disadvantage with the above 
approach. In particular, while self-sustained regeneration can decrease a fuel 
economy penalty, it can cause other disadvantages. In particular, if the reaction rate is 
too high, the combustion of soot on the filter may result in excessive temperatures 
that degrade the DPF. 

[0008] Finally, the inventors have realized that relying on exhaust air flow alone to carry 
heat away from the DPF may not provide sufficient cooling. In particular, it may not be 
clear ahead of time if a certain operating condition will allow enough air flow to cool 
the DPF. 

Summary of Invention 

[0009] A method for regenerating a particulate filter coupled to an internal combustion 
engine, comprising: commencing a self-sustaining filter regeneration; monitoring 
whether said regeneration causes temperature of said particulate filter to become 
greater than a predetermined value; in response to said monitoring, adjusting one or 
more operating parameters so as to limit exothermic reaction via control of an oxygen 
amount entering said filter and prevent temperature from rising to become greater 
than a pre-selected value. 

[0010] Thus, according to the present invention, it is possible to exploit self-sustaining 
particulate filter regeneration, without suffering degradation of the particulate filter 
due to excessive temperatures. In other words, by limiting excess oxygen entering the 
particulate filter, which thereby limits the exothermic reaction rate, it is possible to 
prevent over temperature conditions that might otherwise occur due to the self- 
sustaining reaction. 

Brief Description of Drawings 

[001 1] The advantages described herein will be more fully understood by reading an 

example of an embodiment in which the invention is used to advantage, referred to 
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herein as the description of the invention, with reference to the drawings, wherein: 

[001 2] Figure 1 shows a schematic diagram of an engine system; 

[001 3] Figure 2 shows a more detailed view of an engine and controller; 

[001 4] Figure 3 shows a routine for carrying out the present invention represented by a 
high level flow diagram; 

[001 5] Figure 4 shows a controller block diagram of an oxygen controller; 

[0016] Figure 5 shows a routine for adjusting control actuators in a high level flow 
diagram; and 

P 

Cfl [001 7] Figure 6 shows exemplary system data describing how exhaust gas recirculation 

hi 

"JI valve position and throttle position influence oxygen flow rate in the exhaust system. 

=j:s 

J Detailed Description 

Referring now to Figure 1, a schematic diagram of the engine system is described. 
Engine 1 0 is shown coupled to a turbo charger 1 4. Turbo charger 1 4 can be any 
number of types, including a single stage turbo charge, a variable geometry turbo 
charger, a dual fixed geometry (one for each bank), or a dual variable geometry turbo 
charger (one for each bank). 

Intake throttle 62 is shown for controlling manifold pressure and air flow entering 
the engine 10. In addition, EGR valve 90 is shown for controlling recirculated exhaust 
gas entering the intake manifold of engine 10. In the exhaust system, downstream of 
turbocharger 2 is HC injector 92. Also located downstream of injector 92 is an oxygen 
sensor 93, which provides signal 02U. Downstream of oxygen sensor 93 is located a 
first oxidation catalyst 94. A second oxidation catalyst 95 may also be used but may 
also be eliminated. The oxidation catalyst can be of various types, such as, for 
example, an active lean NOx catalyst. 

Further downstream of catalyst 95 is located a diesel particulate filter 96. A first 
temperature sensor 97 is located upstream of the particulate filter and a second 
temperature sensor 98 is located downstream of the particulate filter 96. The 
particulate filter is typically made of SiC, NZP and cordierite, with SiC being the most 
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temperature resistant, and cordierite the least. Further, independent of the material 
used, self-sustained filter regeneration can be obtained simply by raising the 
particulate filter to a high enough temperature. 

Further, a differential pressure sensor 99 is coupled to the diesel particulate filter 
for determining differential pressure across the diesel particulate filter. In particular, 
the control method according to the present invention determines whether to initiate 
particulate filter regeneration (in particular, self-sustained particulate filter 
regeneration) based on the reading of pressure sensor 99 and other engine 
parameters. Each of the sensors described above provides a measurement indication 
to controller 12 as described below herein. Further, throttle position and EGR valve 
position are controlled via a controller 1 2 as described later herein. 

Figure 2 shows an alternate system configuration according to the present 
invention. Further, Figure 2 shows additional details of components shown and 
described in Figure 1 . 

Direct injection compression ignited internal combustion engine 10* comprising a 
plurality of combustion chambers, is controlled by electronic engine controller 1 2. 
Combustion chamber 30 of engine 10 is shown in Figure 2 including combustion 
chamber walls 32 with piston 36 positioned therein and connected to crankshaft 40. 
Combustion chamber or cylinder 30 is shown communicating with intake manifold 44 
and exhaust manifold 48 via respective intake valves 52a and 52b (not shown), and 
exhaust valves 54a and 54b (not shown). Fuel injector 66a is shown directly coupled 
to combustion chamber 30 for delivering liquid fuel directly therein in proportion to 
the pulse width of signal fpw received from controller 1 2 via electronic driver 68. Fuel 
is delivered to fuel injector 66a by a high pressure fuel system (not shown) including a 
fuel tank, fuel pumps, and a fuel rail. 

Intake manifold 44 is shown communicating with throttle body 58 via throttle 
plate 62. In this particular example, throttle plate 62 is coupled to electric motor 94 
so that the position of throttle plate 62 is controlled by controller 1 2 via electric motor 
94. This configuration is commonly referred to as intake throttle (ITH). In diesels, the 
ITH is frequently vacuum actuated; however, it could also be electrically actuated. 
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[0025] Exhaust gas oxygen sensor 76 is shown coupled to exhaust manifold 48 upstream 
of active lean NOx catalyst 70. In this particular example, sensor 76 provides signal 
EGO to controller 1 2. This oxygen sensor is a so-called UEGO, or linear oxygen 
sensor, and provides continuous oxygen readings. 

[0026] Controller 1 2 causes combustion chamber 30 to operate in a lean air-fuel mode. 
Also, controller 1 2 adjusts injection timing to adjust exhaust gas temperature. 

[0027] Diesel particulate filter (DPF) 72 is shown positioned downstream of catalyst 70. 
DPF retains particles and soot to be later regenerated (burned) at high temperatures 
as described herein. 

Q 

Q [0028] Controller 1 2 is shown in Figure 2 as a conventional unit 1 02, input/output ports 

fl 1 04, an electronic storage medium for executable programs and calibration values 

UJ 

41 shown as read-only memory chip 106 in this particular example, random access 

if! 

jj memory 1 08, keep alive memory 1 1 0, and a conventional data bus. Controller 1 2 is 

shown receiving various signals from sensors coupled to engine 10, in addition to 
those signals previously discussed, including measurement of inducted mass air flow 
(MAF) from mass air flow sensor 1 00 coupled to throttle body 58; engine coolant 
O . temperature (EOT) from temperature sensor 1 1 2 coupled to cooling sleeve 1 14; a 

profile ignition pickup signal (PIP) from variable reluctance sensor (VRS) 1 18 coupled 
to crankshaft 40; throttle position TP from throttle position sensor 1 20; and absolute 
manifold pressure signal (MAP) from sensor 122. Engine speed signal RPM is 
generated by controller 1 2 from signal PIP in a conventional manner and manifold 
pressure signal MAP from a manifold pressure sensor provides an indication of boost 
pressure in the intake manifold. 

[0029] In this particular example, temperature Teat of catalyst converter 70 and 
temperature Ttrp of DPF 72 are inferred from engine operation. In an alternate 
embodiment, temperature Teat is provided by temperature sensor 1 24 and 
temperature Ttrp is provided by temperature sensor 1 26. 
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[0030] 



Continuing with Figure 2, a variable camshaft system is described. However, the 
present invention can also be used with non-VCT engines. Camshaft 1 30 of engine 1 0 
is shown communicating with rocker arms 1 32 and 1 34 for actuating intake valves 
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52a, 52b and exhaust valve 54a, 54b. Camshaft 1 30 is directly coupled to housing 
1 36. Housing 1 36 forms a toothed wheel having a plurality of teeth 1 38. Housing 1 36 
is hydraulically coupled to an inner shaft (not shown), which is, in turn, directly linked 
to camshaft 1 30 via a timing chain (not shown). Therefore, housing 1 36 and camshaft 
1 30 rotate at a speed substantially equivalent to the inner camshaft. The inner 
camshaft rotates at a constant speed ratio to crankshaft 40. However, by manipulation 
of the hydraulic coupling as will be described later herein, the relative position of 
camshaft 1 30 to crankshaft 40 can be varied by hydraulic pressures in advance 
chamber 1 42 and retard chamber 1 44. By allowing high pressure hydraulic fluid to 
enter advance chamber 142, the relative relationship between camshaft 1 30 and 
1:1 crankshaft 40 is advanced. Thus, intake valves 52a,52b and exhaust valves 54a,54b 



open and close at a time earlier than normal relative to crankshaft 40. Similarly, by 



P 

m 

hi allowing high pressure hydraulic fluid to enter retard chamber 144, the relative 

jp relationship between camshaft 1 30 and crankshaft 40 is retarded. Thus, intake valves 

4 ; 52a,52b, and exhaust valves 54a,54b open and close at a time later than normal 

H ' relative to crankshaft 40. 

W [0031] Teeth 1 38, being coupled to housing 1 36 and camshaft 1 30, allow for 
□ measurement of relative cam position via cam timing sensor 1 50 providing signal VCT 

to controller 1 2. Teeth 1,2,3 and 4 are preferably used for measurement of cam 
timing and are equally spaced (for example, in a V-8 dual bank engine, spaced 90 
degrees apart from one another) while tooth 5 is preferably used for cylinder 
identification, as described later herein. In addition, controller 12 sends control 
signals (LACT.RACT) to conventional solenoid valves (not shown) to control the flow of 
hydraulic fluid either into advance chamber 142, retard chamber 144, or neither. 

[0032] Relative cam timing is measured using the method described in U.S. Patent No. 
5,548,995, which is incorporated herein by reference. In general terms, the time or 
rotation angle between the rising edge of the PIP signal and receiving a signal from 
one of the plurality of teeth 1 38 on housing 1 36 gives a measure of the relative cam 
timing. For the particular example of a V-8 engine, with two cylinder banks and a 
five-toothed wheel, a measure of cam timing for a particular bank is received four 
times per revolution, with the extra signal used for cylinder identification. 
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[0033] Sensor 160 provides an indication of oxygen concentration in the exhaust gas. 
Signal 162 provides controller 12 a voltage indicative of the 02 concentration. 

[0034] Note that Figure 2 merely shows one cylinder of a multi-cylinder engine, and that 
each cylinder has its own set of intake/exhaust valves, fuel injectors, etc. 

[0035] In Figure 2, an EGR system is included. In particular, EGR Valve 90 (which can be 
electrically, pneumatically or magnetically controlled) is positioned in a recirculation 
tube that transmits exhaust gas from manifold 48 to manifold 44. 

[0036] Referring now to Figure 3, a routine is described for controlling the engine and 
particulate filter regeneration. First, in step 310, a determination is made as to 
whether the particulate filter is regenerating. This determination can be made in 
various ways, such as, for example, based on a flag set in a control routine, or 
checking whether the particulate filter has stored particles and temperature is above a 
predetermined level. When the answer to step 3 1 0 is yes, the routine determines if the 
particulate filter temperature is greater than approximately 600 0 C. Note that this 
value is just one exemplary value that can be used. The exact temperature value used 
may vary depending on various parameters, such as particulate filter materials, size 
and various other conditions. Further, there are various methods for making this 
determination, such as based on exhaust gas temperature, particulate filter 
temperature, or estimates of either of the two temperatures. When the answer to step 
312 is yes, the routine continues to step 314. In step 314, the routine determines if 
vehicle operating conditions are present where an over-temperature condition may 
occur. For example, the routine determines if the engine is operating in light load, low 
speed, or other conditions wherever over-temperature may occur. When the answer to 
step 314 is no, the routine determines that additional control measures to prevent 
over-temperature, such as limiting oxygen supplied to the particulate filter, are not 
necessary. In other words, it is not necessary to limit excess oxygen or the exothermic 
reaction. Alternatively, when the answer to step 314 is yes, the routine continues to 
step 31 8. At step 318, the routine activates the oxygen controller as described later 
herein with particular reference to Figure 4. 

[0037] Note, in an alternative embodiment, other control structures can be used. For 
example, rather than using the EGR valve, the intake throttle, or a hydrocarbon 
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injector, the oxygen concentration in the exhaust can be modified by changing intake 
or exhaust valve timing on an engine equipped with an appropriate actuator. If the 
engine is equipped with a variable geometry turbocharger (VCT), the vane setting on 
the VGTcan be modified. If the engine is equipped with an exhaust brake, its position 
can be modified. 

Referring now to Figure 4, a high level schematic of the oxygen controller is 
shown. In particular in this embodiment, three actuators are used to limit the supply 
of oxygen delivered to the DPF: an exhaust gas recirculation valve (EGR), an intake 
throttle (ITH) and a (hydrocarbon) (HQ injector located in the exhaust feedback. EGR 
and ITH are used in feedback control to account for slowly varying changes in the 
oxygen flow rate supply to the DPF. An oxygen sensor located in the exhaust feed gas 
is used as the feedback sensor. In the present embodiment, quick changes in oxygen 
flow rate are compensated using the HC injector in a feed-forward control. While 
injecting hydrocarbons can supply additional heat to the DPF, there are instances 
where this additional heat will be more than compensated for by reducing the 
exothermic reaction rate (by limiting excess oxygen). Part of the heat added to the 
system upstream is rejected by heat transfer to the environment through the exhaust 
system. Adding heat upstream also gives a much more uniform heat distribution that 
is less likely to damage the DPF than local hot spots resulting from local burning on 
the DPF. 

In particular, the hydrocarbon feed-forward controller, in one embodiment, simply 
calculates the quantity of fuel necessary to stoichiometrically combust with the high 
pass oxygen flow rate error. However, the control authority of the HC injection is one- 
sided since HC injection can only remove excess oxygen. 

[0040] 

Referring now specifically to Figure 4, the oxygen flow rate error (which is the 
error between the desired and actual oxygen flow rate) is fed to a low-pass filter. The 
cutoff frequency of the low-pass filter is preferably selected as the bandwidth of the 
EGR/ITH controller, defined from the oxygen flow rate error to the oxygen flow rate. In 
one example, the cutoff frequency was selected as 0.5 RAD/S. However, various 
factors such as controller stability and feedback control performance effect the 
selection of this frequency. Therefore, various values may be used according to the 
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present invention. In another example, the cutoff frequency is made a calibratable 
function of engine operating conditions. Also, it may be desirable to increase this 
cutoff frequency as high as possible, thereby improving controller performance and 
minimizing control action necessary from the HC injector. The highest possible cutoff 
frequency is equal to the bandwidth of the ECR/ITH controller. Then, the oxygen flow 
rate error minus the low-pass filtered error is fed to the feed-forward controller to 
determine the HC injection quantity. Further, the low-pass filtered oxygen flow rate 
error is fed to the ECR/ITH PI controller, which determines the control action for the 
EGR valve and the throttle valve. 

More specifically, referring now to Figure 5, a routine is described for controlling 
oxygen entering the DPF. First, in step 510, the routine determines a desired oxygen 
flow rate to the DPF based on operating conditions. In the particular embodiment, this 
desired oxygen flow rate is based on particulate filter temperature, which is 
predetermined temperature above which degradation may occur at the engine 
operating point. Note that the desired oxygen flow rate determination is based on 
potentially conflicting goals. For example, high oxygen flow rate generally results in a 
large gas flow through the particulate filter, which can carry away heat. However, high 
oxygen amounts entering the particulate filter can result in the self-sustaining 
regeneration reaching temperatures greater than an allowable temperature. Thus, 
based on operating conditions such as engine speed and engine load, an optimal 
oxygen flow rate can be determined. However, in an alternate embodiment, a single, 
compromised desired oxygen flow rate can be used. 

Next, in step 512, the actual oxygen flow rate entering the DPF is determined 
based on, for example, the oxygen sensor. Alternatively, one can base this 
determination on other engine operating conditions, such as fuel injection amount, 
the engine speed, and manifold pressure, or a mass air flow sensor and fuel injection 
amount. Then, in step 51 3, the oxygen flow error is formed as described above 
herein. 

[0043] 

Next, in step 514, the high bandwidth control action and the low bandwidth 
control action are calculated using the control structure described above. Finally, in 
step 516, the routine adjusts the high and low bandwidth actuators based on the 
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control action calculated in step 514. 

[0044] Referring now to Figure 6, a plot is shown illustrating the effects of the EGR valve 
position and the intake throttle position on mass air flow at differing engine speeds. 
In one embodiment of the present invention described above, the EGR and the ITH are 
treated as a single actuator in the PI controller. In this embodiment, beginning with 
unrestricted air flow (EGR completely closed and ITH fully open) the PI controller 
operates sequentially by first opening EGR and then closing ITH. The output of the PI 
controller ranges in values from 0 to 2, where values in the range of 0 to 1 correspond 
to opening EGR while ITH is fully opened, and values in the range of 1 to 2 correspond 
to closing ITH while EGR is fully open. EGR position and intake throttle position 

Q 

p influence oxygen flow rate in the exhaust system by limiting the mass air flow 

nh 

p entering the engine as illustrated in Figure 6. 
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HI [0045] The mass air flow is most sensitive to changes in the EGR position and the intake 

11 

throttle position when EGR is slightly open and when ITH is slightly open. This non- 
Cf linear relationship is accounted for in the control strategy by adjusting the 

proportional and integral gains by a sensitivity function. The sensitivity function is 
dependent on the EGR valve position and the intake throttle position and is of the 
form: 

AEGRP " THP =f(EGRP,rrHP) 

AMAF 

[0046] Further, in an alternate embodiment, the sensitivity function is also dependent on 
engine speed and differential pressure across the DPF. In practice, normalizing the 
output of the sensitivity function by engine speed is a reasonable approximation to 
account forward the dependence of the sensitivity function on engine speed. Also note 
that the size of the proportional and integral gains are limited by the phase delay of 
the engine filling dynamics. 



[0047] 



It should also be noted that a non-negligible delay exists between a change in 
EGR position/intake throttle position and the corresponding change in oxygen and 
flow in the exhaust feed gas. This delay is due in part to the time necessary for the 
intake air flow and the recirculated exhaust gas flow to equilibrate on the exhaust side 
of the engine. This phase delay limits the size of the controller gains of the PI 
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controller. In practice, optimized controller values for the particular vehicle system 
be found via experimental testing. 

[0048] In the present invention, the flow of gasses containing excess oxygen entering the 
DPF are limited to minimize the chance that the self-sustaining regeneration of the 
DPF cause excessively high temperatures which may degrade engine or exhaust 
system componentry. As described herein, there are various alternative embodiments 
for implementing the above solution. For example, various valves in the engine system 
can be used to control the exhaust gas flow rate and excess oxygen proportion 
entering the DPF. In particular, the valve, according to the present invention, can be an 
u intake throttle, an exhaust gas recirculation control valve, a variable geometry 

Cf turbocharger valve, a variable CAM timing valve, or a port deactivation valve. Further, 

Q\ any combination of the above can be used in coordination. Further, additional 
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parameters can be used. For example, as described herein, a combination of an EGR 



Hi valve, an intake throttle valve, and a hydrocarbon injector in the exhaust system are 

/' utilized in combination to control both exhaust flow rate, and excess oxygen 

W concentration. However, as stated above, for example, solely the intake throttle could 

H?? 

f|j be used. 



[0049] Also, the present invention is described with particular reference to a self- 
sustaining DPF regeneration. Such self-sustaining regeneration is used to refer to the 
regeneration of stored particles in the DPF that continues without additional control 
action beyond normal other engine operation. For example, the engine control system 
may need to adjust fuel injection timing, or other operating parameters, to initiate 
increased exhaust temperatures. Thus, these conditions would include non-normal 
operation required to start particulate filter regeneration. However, once the self- 
sustaining regeneration is reached, the engine operating parameters can be returned 
to whatever normal conditions require. As such, the particulate filter regeneration will 
continue as long as enough excess oxygen is present and there are stored particles 
left to be burned. 



[0050] 



As another example, an external burner could be used to raise particulate filter 
temperature above the self-sustained regeneration temperature. After this point, the 
burner is no longer necessary and the self-sustaining reaction can proceed without 
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any special control action by the engine controller. According to the present invention, 
this self-sustaining regeneration is monitored via, for example, the particulate filter 
temperature, and, in one example, when the temperature is greater than a 
predetermined temperature control, action is taken to limit excess oxygen and 
thereby limit the diesel particulate filter regeneration reaction rate. This limits the 
self-sustaining reaction, thereby limiting temperature and minimizing any potential 
degradation. 

[0051] This concludes the detailed description of the invention. Note that there are 

various alternate embodiments according to the present invention. For example, as 
£J described above, there are various parameters that can be used to limit oxygen 

: e 
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O entering a DPF during a self-sustained filter regeneration interval. Also note that it is 

m 

not necessary and not intended to completely stop filter regeneration to prevent DPF 




temperature from becoming greater than an allowable temperature. In particular, 
during some operating conditions, excess oxygen fed to the DPF can be reduced 



thereby slowing the exothermic reactions in the DPF, but still providing enough gas 



flow rate through the DPF to carry away enough excess heat from this continued 
regeneration so that DPF temperature is maintained at or below an allowable 



temperature. 
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